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The Uyghur (UIG) population, settled in Xinjiang, China, is a population presenting a typical admixture of Eastern andWestern anthro-
pometric traits. We dissected its genomic structure at population level, individual level, and chromosome level by using 20,177 SNPs
spanning nearly the entire chromosome 21. Our results showed that UIG was formed by two-way admixture, with 60% European an-
cestry and 40% East Asian ancestry. Overall linkage disequilibrium (LD) in UIGwas similar to that in its parental populations represented
in East Asia and Europe with regard to common alleles, and UIG manifested elevation of LD only within 500 kb and at a level of 0.1 <
r 2< 0.8 when ancestry-informative markers (AIMs) were used. The size of chromosomal segments that were derived from East Asian and
European ancestries averaged 2.4 cM and 4.1 cM, respectively. Both the magnitude of LD and fragmentary ancestral chromosome
segments indicated a long history of Uyghur. Under the assumption of a hybrid isolation (HI) model, we estimated that the admixture
event of UIG occurred about 126 [107~146] generations ago, or 2520 [2140~2920] years ago assuming 20 years per generation. In spite of
the long history and short LD of Uyghur compared with recent admixture populations such as the African-American population, we
suggest that mapping by admixture LD (MALD) is still applicable in the Uyghur population but ~10-fold AIMs are necessary for a
whole-genome scan.Introduction
Xinjiang, China has been a contact zone of the peoples
from Central Asia and East Asia. In particular, the presence
of a Tocharian (an extinct Indo-European language)-speak-
ing population during the ﬁrst millennium, the discovery
of mummies with European features dating from 3,000–
4,000 YBP (Years Before Present), and the existence of
West Eurasian mitochondrial-DNA lineages clearly indi-
cate the inﬂuence of populations of European descent in
this region, and the signature of admixture between East
Asians and those of European descent is also evident.1–8
A full analysis of genetic structure of the admixed popula-
tions in this region would shed light on the understanding
of human migratory history and the admixture of East
Asians and those of European descent. Because many hu-
man populations settled at Central Asia, which has been
a complex assembly of peoples, cultures, and habitats,9
The Uyghur population in Xinjiang demonstrates an array
of mixed anthropological features of Europeans and
Asians.10 We are interested in both its admixture history
and its potential for gene mapping.
Admixture of populations often leads to an extended
linkage disequilibrium (LD), which could greatly facilitate
the mapping of human disease genes.11–14 Gene mapping
by admixture linkage disequilibrium (MALD) has been
shown to be of special value theoretically11,15–22 and
empirically.1,23–36 However, typical admixture populations
used for MALD often involve those formed by recent ad-
mixture between groups originating on different conti-
nents as a result of European maritime expansion duringThethe past few hundred years. These include populations
formed by two-way and three-way admixture between Eu-
ropeans,West Africans, and Native Americans in the Amer-
icas, as well as populations formed by two-way admixture
of Europeans with indigenous populations in Australia, the
Paciﬁc Islands, and Polar Regions.12 Because the admixture
events happened a few hundred years ago, parental popu-
lations and the admixture histories of the aforementioned
populations are relatively clear; it is easy to obtain the
panels of markers informative for ancestry.28,34,35,37 Al-
though Uyghur is a population presenting a typical admix-
ture of Eastern and Western anthropological traits, its po-
tential utility in MALD has been largely ignored because
of its uncharacterized and suspected to be longer history
of admixture as compared with other populations. It is
more difﬁcult to identify ancestry-informative markers
(AIMs), and more such markers are required when admix-
ture occurred beyond the time range which was considered
ideal.12
Concerning the Uyghur population, there are many
questions that remain unanswered: 1) What are the ances-
tral origins of Uyghur? 2) Was Uyghur formed by two-way
or three-way admixture? 3) How much ancestry did each
parental population contribute to Uyghur respectively? 4)
How long ago did the admixture occur? 5) What is the LD
pattern andmagnitude in Uyghur? 6) Is Uyghur amiable to
MALD? In this study, we try to answer these questions by
dissecting the genetic structure of an Uyghur population
sample at population, individual, and chromosome level
by using a panel of high-density SNP markers on chromo-
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Subjects and Methods
Populations and Samples
Forty Uyghur samples were collected at Hetian of Xinjiang in
China, where the Uyghur population was thought to be less
affected by the recent migration of Han Chinese than are Uyghur
populations in Northern Xinjiang. Genotype data of 60 CEU
(Utah residents with ancestry from northern and western Europe)
parents, 60 YRI (Yoruba in Ibadan, Nigeria) parents, 45 CHB (Han
Chinese in Beijing) and 45 JPT (Japanese in Tokyo) were obtained
from the database of the International HapMap Project.38–40
Markers and their Positions
A set of 26,112 SNPs on chromosome 21 was genotyped in 40
Uyghur. Illumina Beadlab technology was used in genotyping, and
the method and the data of genotyping were previously described
elsewhere.41 Genotyped SNPs on chromosome 21 of 60 CEU,
60 YRI, 45 CHB, and 45 JPT samples were obtained from the Inter-
national HapMap Project38,39 (HapMap public released #21, 2006-
07-20). After data ﬁltration (e.g., deleting markers with missing
data > 5% samples), we obtained 20,177 SNPs that were geno-
typed successfully in all ﬁve populations. Those SNPs that showed
deviation from Hardy-Weinberg equilibrium within population
were excluded with Fisher’s exact test (p < 0.05), where p was
estimated with Arlequin 3.0142 with 100,000 permutations.
The physical positions of SNPs were based on the Homo sapiens
Genome Build 36. The total chromosome region covered by
20,177 SNPs was 33.36 Mb. The average spacing between adjacent
Figure 1. Distribution of Marker
Information for 83 AIMs
markers was 1.6 kb, with a minimum of 69
bp and a maximum of 189 kb, and the me-
dian between marker distance (BMD) was
811 bp. The genetic map positions of
SNPs were based on the Rutgers combined
linkage-physical maps,43 which incorpo-
rate the latest human genome build, Build
36. We determined the genetic map posi-
tions of SNPs in centiMorgans by using
a web-based linkage-mapping server that
carried out a smoothing calculation to
estimate genetic map positions, including
those markers which were not mapped
directly. The total recombination distance
is 68.16 cM (from 0 cM to 68.16 cM), the
average intermarker distance is 0.003 cM,
the maximum is 0.49 cM, and the median
is 0.001 cM.
Allele-Sharing Distance
of Individuals, Analysis of
Relatedness, and Estimates of FST
We used an allele sharing distance
(ASD)15,44 as the genetic distance between
individuals. Within each population, we
estimated the chromosomal level of relat-
edness between all pairs of individuals.
We used amethod-of-moments approach, implemented in PLINK,
to estimate the probability of sharing 0, 1, or 2 alleles identical-by-
descent (IBD) for any two individuals from the same homoge-
neous and random-mating population. Unbiased estimates of
FST were calculated following Weir and Hill.
45
Marker-Information Content for Ancestry
Four measurements were used in this study to calculate marker-
information content for ancestry: allele-frequency difference
(d),46 Wahlund’s f,47 Rosenberg’s In,
48 and FST.
45 FST is a measure-
ment that considers the variation of sample size; given that the
sample sizes of CHB (45) and CEU (60) are different, we used FST
as the primary measurement for marker information in this study.
Although these measures are highly correlated, as shown in
Figure S1 (available online), we calculated and showed informa-
tion of all themeasures so that our results are comparable for other
studies. The distribution of marker information of 20,177 SNPs,
according to the above measures, is shown in Figure S2. Of the
markers, 5.1% had d values > 0.5, 5.7% had In values > 0.2, 4.5%
had f values> 0.3, and 5.4% had FST values> 0.3; these values can
be considered as the signal of very great genetic difference between
populations.
Select Ancestry-Informative Markers
SNPs that have large allele-frequency differences between CHB
and CEU were selected as ancestry-informative markers (AIMs).
One threshold proposed for declaring a SNP to be highly infor-
mative for ancestry inference is d ¼ 0.5,46 which corresponds to884 The American Journal of Human Genetics 82, 883–894, April 2008
FST ˛ [0.250, 0.333] and. In ˛ [0.131, 0.216].48 Although FST, f, and
In are all closely related to d in the case of biallelic markers in two
source populations, unlike d they capture the dependence of infor-
mation content on the position of allele frequencies in the unit
interval. In this study, we selected AIMs according to FST value,
with FSTR 0.35 (the upper bound of FST corresponding to d> 0.5),
from 20,177 SNPs and obtained 602 AIMs. However, we noted that
in many regions, adjacent markers had the same or similar FST
values and formed ‘blocks’ of FST. One example of this is shown
in Figure S3. We examined these ‘‘FST block’’ regions and found
that they were actually haplotype blocks in both CHB and CEU
and contained very few haplotypes; therefore, markers within
these ‘‘FST blocks’’ would provide redundant information if they
were all included. Furthermore, for STRUCTURE analysis, the pro-
gram was not designed to model the LD that occurs between
nearby markers (so called ‘‘background LD’’) within populations
(i.e., the model is best suited for data on markers that are linked,
but not so tightly linked).49 Therefore, we picked ‘‘tag AIMs’’ by
controlling the between-marker distance and removing those
redundant AIMs to avoid strong LD within CHB and CEU. At the
same time, there were some greatly spanned chromosome regions
(> 1 cM) without AIMs covered. We saturated these regions by
selecting some AIMs with FST less than 0.35 but larger than 0.3.
Finally, 83 of the original 602 AIMs were selected and used for
further analysis. Distribution of marker information (FST, f, d,
and In) of 83 AIMs is shown in Figure 1. The average BMD of these
83 AIMs was 0.82 cM (398 kb), and median BMD was 0.57 cM
(280 kb), with mean d ¼ 0.52, mean In ¼ 0.20, mean f ¼ 0.33,
and mean FST ¼ 0.47. The ﬁnal length of the chromosomal region
that was covered by AIMs was 67.37 cM (32.7 Mb).
Haplotype Inference
The linkage-disequilibrium analyses in this study were based
on haplotypes generated from data with PHASE 2.1 software.50
PHASE implements a Bayesian statistical method for reconstruct-
ing haplotypes from population genotype data, which has been
shown to be superior to the EM algorithm for haplotype recon-
struction at the individual level.50 PHASE was run with the re-
combination model, 10,000 iterations, 100 thinning interval, and
10,000 burn-ins. The other parameters were set as the defaults.
Overall, 20,177 SNPswere broken into segments of 40 SNPs,with
20 overlapping SNPs between each two consecutive sections. Hap-
lotypeswere inferred by PHASE from each segment independently.
Finally, the two haplotypes of each individual were reconstructed
by combining all haplotypes segment by segment according to
the inferredhaplotypes of the 20overlapping sites between consec-
utive sections. When the overlapping SNPs were inconsistent, we
arbitrarily kept the results of the former segment.
The individual haplotypes for the panel of 602 AIMs that were
informative for ancestry were reinferred, independent of the
results of the 20,177 SNPs.
Table 1. Observed Heterozygosity and Expected
Heterozygosity within Populations
Observed Heterozygosity Expected Heterozygosity
JPT 0.288 5 0.190 0.285 5 0.182
CHB 0.286 5 0.189 0.285 5 0.180
UIG 0.312 5 0.177 0.311 5 0.167
CEU 0.304 5 0.177 0.302 5 0.171
YRI 0.307 5 0.174 0.303 5 0.167TheSTRUCTURE Analysis
For analyzing the ancestry of Uyghur, the program STRUC-
TURE 49,51 was used. STRUCTURE implements a model-based clus-
tering method for inferring population structure with genotype
data. However, the model implemented in the program is best
suited to data onmarkers that are linked, but not so tightly linked;
therefore, we screened the markers by controlling space between
adjacent markers larger than at least 200 kb (averaging about
0.5 cM for chromosome 21). We obtained ten data sets (S1~S10)
by random samplingmarkers with BMD> 500 kb. The basic statis-
tics of the ten data sets are described in Table S1. We used an
admixture-model option and assumed that allele frequencies were
correlated. The program was run with 100,000 iterations and
100,000 burn-ins.
For the inference of ancestry origin of chromosomal segments,
STRUCTURE was used. In version 2.2, the program implements
a model that allows for ‘‘admixture linkage disequilibrium,’’49
which performs better than the original admixture model when
using linked loci to study admixed populations. It achieves more
accurate estimates of the ancestry vector and can extract more
information from the data. In this model, STRUCTURE reports
not only the overall ancestry for each individual but also the prob-
ability of origin of each allele. We selected a panel of 83 AIMs for
estimating the ancestry of alleles (see ‘‘Select Ancestry-Informative
Markers’’ section for details). The estimated haplotypes from the
40 UIG individuals were examined together with the phased
data from the 60 CEU and 45 CHB subjects. We used distances
between the markers determined by both genomic-sequence and
recombination-based data (Rutgers combined linkage-physical
maps)43 as map distances. We used a linkage-model option and
assumed that allele frequencies were correlated. The program was
run with 1000,000 iterations, 1000,000 burn-ins, and 500,000
admixture burn-ins.
Measures of LD
Several statistics have been used to measure the LD between a pair
of loci.52 The two most common measures are the absolute value
of D’ (denoted by jD’j) and r 2, both derived from Lewontin’s
D.53 It was shown that in association studies, the sample size
must be increased by roughly 1/r 2 when compared with the sam-
ple size for detection of association with the susceptibility locus
itself.54,55 r 2 has a relatively clear interpretation in terms of the
power to detect an association, and intermediate values of r 2 are
Table 2. Pairwise FST between Populations
JPT CHB UIG CEU
CHB 0.007
UIG 0.036 0.037
CEU 0.105 0.107 0.028
YRI 0.182 0.185 0.146 0.166
Table 3. Pairwise Identity-by-State (IBS) Sharing and
Identity-by-Descent (IBD) Sharing within Populations
IBS Sharing IBD Sharing
JPT 0.703 5 0.012 0.035 5 0.046
CHB 0.706 5 0.011 0.029 5 0.041
UIG 0.704 5 0.011 0.026 5 0.039
CEU 0.709 5 0.012 0.035 5 0.044
YRI 0.712 5 0.009 0.030 5 0.039American Journal of Human Genetics 82, 883–894, April 2008 885
also easily interpretable.54,56 It is therefore more sensible to use r 2
to study LD. In addition, r 2 also showsmuch less inﬂation in small
samples than does jD’j.56,57 In this study, we used r 2 tomeasure LD
between two SNPs.
Results
Genetic Diversity and Relatedness of Individuals
Heterozygosity measures the genetic diversity within each
population, and both expected heterozygosity (He) and
observed heterozygosity (Ho) were calculated for each pop-
ulation by use of genotypes of 20,177 SNPs (Table 1). As
expected, the East Asian populations (CHB and JPT) and
the European population (CEU) show lower He and Ho
than does the African population (YRI). However, UIG
has even an higher He and Ho than does YRI. Distribution
of minor-allele frequency (MAF) of 20,177 SNPs in ﬁve
populations (Figure S4) also showed that UIG has a higher
proportion of common alleles (high MAF SNPs) than does
YRI, a ﬁnding which is expected in admixture populations.
Genetic difference between populations was estimated by
Figure 2. Principal-Coordinate-Analysis Representation of
the Allele-Sharing Distance
Populations included are indicated by the symbols listed in the
legend. The first two axes together explain 25.8 percent of the
total variation (17.57 percent by the first axis and 8.27 percent
by the second), and the rest of the axes each explain less than
1.5 percent of the total variation.
Figure 3. Probability Estimations for the Number of
Clusters, with Ten Randomly Selected Data Sets
The ordinate shows the Ln probability corresponding to the
number of clusters (K) shown on the abscissa.
pairwise FST (Table 2). Notably, FST between UIG and
CEU (0.028) is much smaller than FST between UIG
and CHB (0.037). Within each population, we further
estimated the chromosomal level of relatedness be-
tween all pairs of individuals, as measured by the prob-
ability of identical-by-descent (IBD). Table 3 shows the
IBD-sharing probability of individuals within each
population. CEU and JPT have the highest average
IBD (0.035), and UIG has the lowest average IBD
(0.026). Both higher heterozygosity and lower IBD sug-
gested the presence of substructure in UIG genomes and
different origins of chromosomal segments.
Principal-Coordinate Analysis of Individuals
Principal-coordinate analysis (PCO) provides a useful
means of revealing relationships among individuals. Fig-
ure 2 is a two-dimensional plot displaying the ﬁrst two
PCO axes for all individuals, with allele-sharing distance
(ASD) used for all pairwise combinations of individuals.
Individuals from one population cluster tightly, to the
exclusion of individuals from other populations. The ﬁrst
two axes together explain 25.8 % of the total variation,
and each of the remaining axes explains less than 1.5 %
of the total variation. The ﬁrst PCO axis shows a separation
of the African and non-African populations and explains
17.57 % of the total variation; the second PCO axis ex-
plains 8.27 % of the total variation and shows a separation
of the European and East Asian populations, with UIG
individuals lying between them. This is also an expected
result of UIG as an admixed population.886 The American Journal of Human Genetics 82, 883–894, April 2008
STRUCTURE Analysis and Estimation
of Admixture Proportion of Individuals
Evidence of Two-Way Admixture
Given the large number of markers in our dataset, genetic
analyses can be performed at the level of individual, mak-
ing no presumption of group membership. We applied
a model-based clustering algorithm, implemented by the
computer program STRUCTURE, to infer the genetic ances-
try of individuals. Our approach is solely based on geno-
type, without incorporation of any information on sam-
pling location or population afﬁliation of each individual.
For each data set of which markers were randomly selected
by controlling BMD > 200 kb, we ran STRUCTURE from
K ¼ 2 to K ¼ 6. Ten repeats were done for each K and each
data set. According to the distribution of Ln(Pr), as shown
in Figure 3, the most probable and appropriate number of
clusters should be three in our dataset. The three clusters
correspond to African, European, and Asian populations.
Figure 4. Phylogenetic Analysis and Structure Analysis of
UIG and Four HapMap Population Samples
The left population tree is based on pairwise FST between
populations, the middle plot shows admixture proportion at
population level, and the right plot shows the admixture level
at individual level.
Table 4. Population Admixture-Proportion Percentages
Estimated from Random Markers
Cluster1 Cluster2 Cluster3
JPT 0.6 5 0.2 1.2 5 0.3 98.1 5 0.4
CHB 0.7 5 0.2 1.4 5 0.4 97.9 5 0.5
UIG 2.1 5 0.8 56.2 5 3.8 41.7 5 3.9
CEU 0.8 5 0.2 97.8 5 0.3 1.4 5 0.2
YRI 97.9 5 0.6 1.1 5 0.3 1.0 5 0.3
Cluster1 corresponds to African ancestry.
Cluster2 corresponds to European ancestry.
Cluster3 corresponds to East Asian ancestry.
Table 5. Population Admixture-Proportion Percentages
Estimated from 83 AIMs
Cluster1 Cluster2
CHB 3.1 5 0.1 96.9 5 0.1
UIG 60.0 5 0.1 40.0 5 0.1
CEU 97.1 5 0.1 2.9 5 0.1
Cluster1 corresponds to European ancestry.
Cluster2 corresponds to East Asian ancestry.
Note: estimations from ten repeat runs are of very little difference.
The middle plots in Figure 4 are the average results of
ten data sets at K ¼ 3 (there were some variations of the
estimations of admixture proportion of UIG, as shown
in Figures S5 and S6; each cluster depicted by one color
corresponds to an ethnic group). The results showed
that individuals from the same population often shared
membership coefﬁcients in the inferred cluster, with
UIG individuals displaying strong admixture of both
European and Asian clusters. The admixture proportion
of populations are shown in Table 4. The UIG popula-
tion has average of 56.2% of admixture from European
ancestry and 41.7% of admixture fromEast Asian ances-
try, and the other populationswere dominated by single
East Asian, European, or African cluster. Notably, the
distribution of admixture proportions among UIG indi-
viduals is relatively even, with 48.7% the lowest admix-
ture from European ancestry and the highest 62.2%.
The standard deviation is only 3.8%, which is much
smaller than the estimation for the African-American
(AfA) population,58 suggesting a much longer history of
admixture events for the Uyghur population compared
with the AfA population.
Admixture Proportion and Time of Admixture
The STRUCTURE results from randommarkers showed that
UIG was an admixed population with contributions from
both European and East Asian ancestries. We thus selected
AIMs according to allele frequency of CHB and CEU for fur-
ther estimation of the admixture proportionofUIG. Table 5
shows the admixture proportions estimated from 83 AIMs.
The UIG population has 60% of admixture from European
ancestry and40%of admixture fromEastAsianancestry. In-
dividual admixture proportion was estimated for each UIG
individual, and Figure 5 shows the distribution of admix-
ture proportions of UIG individuals. The proportion of
East Asian ancestry in UIG individuals ranges from 15.7%
to 59.7%, and the proportion of European ancestry in UIGThe American Journal of Human Genetics 82, 883–894, April 2008 887
individuals ranges from 40.3% to 84.3%. We ran a linkage
model for 83 AIMs and obtained the estimation of recombi-
nation parameter r (breakpoints per cM). The posterior dis-
tribution of r is shown in Figure 6. On average, there were
1.26 breakpoints per cM, with a 90% conﬁdence interval
of [1.07, 1.46]. Under the assumption of a hybrid-isolation
(HI) model, the admixture event of UIG was estimated to
have taken place about 126 [107~146] generations or 2520
[2140~2920] years ago, assuming 20 years per generation.
Inferred Ancestral Origins of Chromosomal
Segments in UIG
Using selected AIMs, we further inferred the ancestral
origins of chromosomal segments in 40 UIG individuals.
We selected a panel of 83 AIMs encompassing an overall
area of 63.37 cM on chromosome 21 for estimation of the
ancestry of alleles. The STRUCTURE program49 was run
under the linkage model with the option of correlated
allele frequency. The estimated haplotypes from the 40
UIG individuals were examined together with the phased
data from the 60 CEU and 45 CHB subjects under a two-
population model (K ¼ 2).
With the assumption that East Asian and European pop-
ulations were the only two parental populations, STRUC-
TURE provided the probability of an allele being derived
from either the East Asian cluster or the European cluster.
The natural logarithms of the probability ratio (LnPR)
that an allele was derived from the East Asian cluster
over the European cluster were estimated, and the results
are depicted in Figure 7. The results provide information
on the ancestry of the chromosome segments for each
individual (see Supplemental Data for details). As expected,
the UIG haplotypes showed contributions from both
parental populations (Figure 7). The contribution from
European ancestry was greater than that from East Asian
ancestry in UIG. The mean contributions of ancestry were
60% (minimum 40.3% and maximum 84.3%) from Euro-
pean ancestry and 40% (minimum 15.7% and maximum
59.7%) from East Asian ancestry. Some segments existed
for which ancestry was uncertain (shown in gray in Fig-
ure 7), because it is difﬁcult to precisely deﬁne the length
of the segments in UIG derived from each population sam-
ple. Notably, most ambiguous segments were distributed in
the region with few or even no AIMs (AIM ‘‘deserts’’). The
cumulative frequencies of segment sizes that were derived
from East Asian ancestry and from European ancestry are
shown in Figure S7. The ﬁrst quartile of segment size
with East Asian ancestry was 0.55 cM, the second quartile
was 1.68 cM, and the third quartile was 3.24 cM. For chro-
mosomal segments with European ancestry, the ﬁrst quar-
tile of segment size was 0.83 cM, the second quartile was
3.14 cM, and the third quartile was 5.09 cM. The average
sizes of chromosomal segments that were derived from
East Asian ancestry and European ancestry were 2.43 cM
and 4.07 cM, respectively.
Overall LD in Uyghur and its Parental Populations
The extent of LD was examined across Chromosome 21 in
UIG, Han Chinese (CHB), and European (CEU) samples for
markers with minor-allele frequency (MAF) R 0.05 (Fig-
ure 8a; Tables S2 and S3) and for markers with MAF R
0.15 (Figure 8b; Tables S4 and S5). Proportions of marker
Figure 5. Summary Plot of Individual Admixture
Proportions
The results of individual admixture proportions estimated from
83 AIMs. Each individual is represented by a single vertical line
broken into two colored segments, with lengths proportional
to each of the two inferred clusters. Red indicates East Asian
ancestry proportion, and blue indicates European ancestry
proportion. The predefined population IDs (CHB, UIG, and
CEU) are presented on the abscissa. The ordinate indicates the
proportion unit.
Figure 6. Posterior Distribution of the Recombination
Parameter r, per Centimorgan
Both the mean and median of r are 1.26, with a 90% confidence
level of [1.07, 1.46], so the admixture event happened about
126 [107, 146] generations or 2520 [2140, 2920] years ago,
assuming 20 years per generation.888 The American Journal of Human Genetics 82, 883–894, April 2008
pairs with LD at different levels of r2 (<0.1, R0.1, R0.2,
R1/3, R0.5, R0.8) were plotted against between-marker
distance (denoted as BMD hereafter). Interestingly, the
admixed population UIG did not show stronger LD than
did CHB and CEU. In fact, for both groups of SNPs, UIG
showed weaker LD at each level of r2R 0.2. For example,
when r2 R 0.8 for common alleles and BMD % 300kb,
the proportion of marker pairs in UIG was only 68% of
CHB and 75% of CEU. Furthermore, the extent of LD in
marker pairs of UIG is very similar to that of CHB and
CEU; i.e., LD levels of r2 R 0.2 extend no more than 300
kb in all three populations, and strong LD levels (r2 R
0.8) extend less than 100 kb.
Magnitude and Extension of LD in UIG with AIMs
Previous studies reported that extended LD in admixed
populations such as AfA was concealed by unselected
markers and that increased LD in AfA was correlated with
increasing allele-frequency differences between the
markers of Europeans and Africans.59,60 We showed in a re-
cent study that LD in an admixed population correlates
with allele-frequency difference between parental popula-
tions,58 which can be measured by FST.
We selected 602 SNPs with large FST (mean FST ¼ 0.48,
mean d ¼ 0.52) between CHB and CEU as AIMs and com-
pared the magnitude and extension of LD in all three pop-
ulations by using these AIMs. We calculated r2 for each of
the marker pairs (a total of 180,901 pairs) by using the
haplotypes inferred by the PHASE program. To investigate
the extension of LD, we compared the distributions of r2
Figure 7. Inferred Ancestral Origins of
a 67.37 cM Segment of Chromosome 21
in Three Populations
Each column represents a population. The
first column shows 60 CEU subjects, the
second column shows 40 UIG subjects,
and the third column shows 45 CHB sub-
jects. Chromosome pairs are depicted with
spaces between individual subjects. The
Ln of the ratio of the probability that
each locus on each haplotype in each indi-
vidual derived from either Asian or Euro-
pean ancestry was determined for each
individual and coded as red (Ln Asian/
European> 1.0), blue (Ln Asian/European<
1.0), or gray lines (Ln Asian/European <
1.0,> 1.0). The marker positions (Rutgers
map) are depicted in the bottom of UIG plot,
and are the same in the three populations.
in 180,901 marker pairs in three
populations. The LD in UIG extends
a little further than do those in CHB
and CEU, especially when 0.2 > r2R
0.1 (Figure 9; Tables S6 and S7). For
example, in UIG, LD extends to
2,000 kb at a level of r2R 0.1 (corresponding to Kruglyak’s
useful LD54). In contrast, LD at a level of r2R 0.1 extends
to no more than 300 kb in both CHB and CEU samples.
However, the proportion of marker pairs with higher LD,
as high as r2 R 0.8 in UIG, is even smaller than that of
CEU (Figure 9 and Table S7). In fact, at a level of r2 R 0.8
and within 200 kb, the proportion of marker pairs in UIG
only slightly exceeds that of CHB (1.12-fold) and is even
smaller than that of CEU (0.69-fold). At the other r2 levels,
the proportion of marker pairs in UIG is, on average, larger
than that of CHB and CEU. For example, at a level of r2R
0.5, the proportion of marker pairs in UIG is 2.18-fold of
that in CHB and 1.04-fold of that in CEU; at a level of
r2R1/3 (theArdlie’s useful LD,56), theproportionofmarker
pairs inUIG is 2.63-fold of that inCHB and 2.09-fold of that
inCEU; at a level of r2R 0.2, the proportion ofmarker pairs
in UIG is 1.33-fold of that in CHB and 3.26-fold of that in
CEU; and at a level of r2 R 0.1, the proportion of marker
pairs inUIG is 2.65-fold of that inCHB and 5.38-fold of that
in CEU. Therefore, when AIMs were used, elevated LDs in
UIG were mostly observed in the range of 0.1 % r2 < 0.8
and at BMD < 2,000 kb.
Discussion
In this report, we dissected the genetic structure of a
Uyghur population sample at population, individual, and
chromosome level by using 20,177 markers densely
distributed across the entire chromosome 21.The American Journal of Human Genetics 82, 883–894, April 2008 889
At population level, STRUCTURE analysis showed that
UIG was a typical two-way admixed population with
ancestries contributed from both East Asian and European
origins. In this study, we included only population samples
from three continental groups; i.e., African, European, and
East Asian population samples. We did not test the other
possible sources of UIG’s ancestral origin, such as South-
Asian and Southeast Asian ancestries. However, because
STRUCTURE posterior probabilities strongly supported
two-way admixture, it is unlikely that there was a third
parental population of UIG with genetic components that
are substantially different from those of European or East
Asian ancestry. The admixture proportion was estimated
as 60% from European ancestry and 40% from East Asian
ancestry; thus, European ancestry contributed slightly
more to Uyghur genomes than did East Asian ancestry.
This result is consistent with pairwise FST between popula-
tions estimated from entire markers: average FST between
UIG and CEU was 0.028, which is much smaller than FST
between UIG and CHB (0.037). The Uyghur samples used
in this study were collected in Hetian, which is located in
Southern Xinjiang, where the Uyghur population was
thought to be less affected by the recent migration of Han
Chinese than are Uyghur populations in Northern Xin-
jiang. Therefore, our estimation in this study is expected
Figure 8. Comparison of the Proportion
of Marker Pairs of Different r2 Levels in
UIG and its Parental Populations
(A) LD was calculated from markers with
MAFR 0.05 in each population.
(B) LD was calculated from markers with
MAFR 0.15 in each population.
to be different from that of someprevi-
ous studies on UIG samples collected
in northern Xinjiang,2,8 where more
interaction occurred between Han
Chinese and Uyghur; for example,
the estimation of European admixture
proportions in some previous studies
on UIG samples collected in northern
Xinjiang was 30%. In addition, previ-
ous studies investigated only very few
loci or even just a single locus.1,2,7,8
However, this discrepancy in admix-
ture estimation should not signiﬁ-
cantly alter the mapping strategy.
At the individual level, the propor-
tion of East Asian ancestry in UIG in-
dividuals ranges from 15.7% to
59.7%, and the proportion of Euro-
pean ancestry in UIG individuals
ranges from 40.3% to 84.3%. The dis-
tribution of admixture proportions
among UIG individuals is relatively
even, and the variation is much
smaller than the estimation of variation in the AfA popula-
tion.58 It is unlikely that suchresultsweredue to samplingof
closely related individuals, because the IBD values within
UIG samples were the lowest in all populations (CHB, JPT,
CEU, YRI) (Table 3). Furthermore, the ancestry variation
among individuals could even be overestimated, given that
the result was based on the data of one single chromosome.
This result suggests a much longer history of admixture
events for the Uyghur population compared with the AfA
population, because recombination over many generations
has interwoven chromosome segments derived from both
ancestries and drift of ancestries among individuals has be-
come very small.
At the chromosomal level, we inferred the ancestral ori-
gins of UIG chromosome segments: the average size of
chromosome segments that were derived from East Asian
and European populations were 2.4 cM and 4.1 cM, respec-
tively. The estimated recombination rate was about 1.07–
1.46 breakpoints per cM. Under the assumption of a
hybrid-isolation (HI) model, the admixture event of UIG
was estimated to have taken place about 107–146 genera-
tions, or 2140–2920 years ago assuming 20 years per gener-
ation. The word ‘‘Uyghur’’ (alternatively Uygur, Uigur, and
Uighur) originates from the Old Turkish word ‘‘Uygur.’’ On
the basis of its Old Turkish phonetics, the word ‘‘Uygur’’890 The American Journal of Human Genetics 82, 883–894, April 2008
was rendered differently in Chinese during different
periods of China’s history. The most ancient translation
of the word ‘‘Uygur’’ in Chinese was ‘‘Yuanhe,’’ which ap-
pears in Weishu (History of the Wei Dynasty), which was
compiled during the period of Northern Qi (550–577 AD).
The ancestors of the Uyghur (Gaoche) can be traced to
the Chidi and Dingling in the third century B.C. (See
Sima Qian, ‘Shiji’ Vol. 110: Xiongnu). Therefore, the esti-
mated admixture time could be concordant with the his-
torical record. However, this result could be underesti-
mated due to the assumption of a hybrid-isolation (HI)
model. In this model, we assumed that Uyghur was formed
by a single event of admixture during a short period of
time, which might not be true of the real history of the
Uyghur. Considering the geographical location where the
Uyghur settled, continuous gene ﬂow from populations
of European and Asian descent was very likely. Because
the time estimation in this study was based on the infor-
mation of recombination or linkage disequilibrium (LD),
which decays with time of generations, LD could have
been maintained to some extent, and recombination in-
formation could have been diluted if there had been con-
tinuous gene ﬂow; thus, the time of admixture could be
underestimated. In addition, the time of admixture could
Figure 9. Comparison of the Proportion of Marker Pairs of
Different r2 Levels in UIG and its Parental Populations for
602 AIMs
be underestimated because the distribution of the
length of chromosome segments might be biased to-
ward large segments due to the large spacing between
markers and the uncertainty in the ancestry estimation
of some alleles. Furthermore, switch errors are almost
inevitable when haplotypes are inferred from genotype
data of unrelated individuals. For the inferred haplotype
data of 83 AIMs, we estimated the switch error rate as 1
per 22 SNPs in CEU, 1 per 25 SNPs in CHB, and 1 per
19 SNPs in UIG. In other words, on average there would
be four potential phasing errors in CEU, three potential
phasing errors in CHB, and four potential phasing errors
inUIG.However,we think the switch errors have limited
inﬂuence on the downstream analysis, i.e., the estima-
tion of ancestral origin of chromosomal segments, be-
cause of the following reasons: (1) the recombination
rate (breakpoints per cM) estimated from phased data is
consistent with that estimated from unphased data; (2)
considering the recombination rate, the frequency of
breakpoints is much higher than that of switch errors—
for example, the breakpoint rate in UIG is estimated at
an average of 1.26 per 1 cM, or 85 breaks per 67.4 cM,
whereas the switch error in UIG is only about 4 per
67.4 cM; (3) for many AIMs, we observed several UIG
individuals with both alleles derived from the same
ancestry; i.e., the phase information is not so important
for those markers and individuals.
Regardless of themodel of admixture, UIG showedmuch
weaker LD compared with more recently admixed popula-
tions, such as the AfA population.58 In fact, using all
markers, we showed that LD in UIG is indeed similar to or
evenweaker than that of HanChinese and European Amer-
ican samples. UIG manifests extended LD only when AIMs
are used, but not when all SNPs are included—elevated LDs
in UIG were mostly observed in the range of 0.1% r2 < 0.8
and at BMD< 2,000 kb. In contrast, LDs in AfA at this level
(r2R0.1) extended tomore than20,000kbwhenAIMswere
examined.58 The average size of the UIG chromosome
segments that were derived from East Asian and European
ancestry were estimated as 2.4 cM and 4.1 cM, respectively,
which were also much shorter than the average size of AfA
chromosome segments that were derived from African and
European ancestry (30.1 cM and 13.7 cM, respectively).58
In spite of the long history and short LD of Uyghur as
compared with more recently admixed populations such
as the AfA population, the MALD strategy can be still fea-
sible for some particular diseases. Basically, the following
requirements need to be met for MALD:14 First, MALD-
based identiﬁcation of disease genes requires a measurable
difference in the frequency of disease-causing alleles be-
tween the parental populations. Second, admixture ideallyThe American Journal of Human Genetics 82, 883–894, April 2008 891
needs to be at least two generations old to reduce the initial
disequilibrium across chromosomes and between unlinked
loci, whereas LD within chromosomes remains strong.12,18
For the Uyghur population, this is not a problem, as we
showed above. Third, a set of markers that speciﬁcally dif-
ferentiate chromosomes derived from the parental popula-
tions is needed.28,37 As we mentioned earlier in Subjects
andMethods, in 20,177 SNPs on chromosome 21, for 5.1%
of markers with d > 0.5, 5.7% of markers with In > 0.2,
4.5% of markers with f > 0.3, and 5.4% of markers with
FST > 0.3, the average between marker distance is about
0.06 cM, which should be adequate for performing
MALD in UIG. Fourth, a level of admixture that is greater
than 10% (both ancestry contributions range from 10%
~90%) is needed for MALD to be feasible.22 As we esti-
mated in this study, both parental populations contributed
more than 40% to Uyghur’s genomes. Finally, the extent of
admixture LD will determine how many markers are
needed for MALD. Recent admixture populations, such as
the AfA population, have been estimated to require 2,000–
3,000 markers, which is 200–500 times fewer than those
that are required for whole-genome haplotype-based map-
ping.18,47,61 Because the extended LD of the Uyghur popu-
lation is about 10 percent of that of the AfA population,
we estimated 10-fold markers; i.e., about 20,000–30,000
AIMs are needed for a whole-genome scan by MALD in
the Uyghur population. This is still economically sensible
compared with the current cost of whole-genome scans
with 500,000 random markers. However, all the analyses
and the results we presented are based on the analysis of a
single chromosome;whether the conclusions can be gener-
alized on a genome-wide level needs to be further studied.
Supplemental Data
Seven supplemental ﬁgures and seven supplemental tables are
available with this paper online at http://www.ajhg.org/.
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